Introduction
Articular cartilage has a limited capacity for healing after injury. Mesenchymal stem cells (MSCs) are interesting sources of material for regenerative medicine. In vitro chondrogenesis of bone marrow-derived MSCs was first reported by Johnstone et al (Johnstone et al. 1998) . Bone marrow-derived MSCs have been extensively investigated; however, there are increasing reports that MSCs are present in various tissues, one of which is synovial fluid (Jones et al. 2004) . Mesenchymal pluripotent cells can be isolated from synovial fluid, but the number of cells that can be harvested may be limited. Synovium-derived cells have been found to exhibit a high potential for both proliferation and differentiation (Sakaguchi et al. 2005; DeBari et al. 2001; Koga et al. 2007; Nishimura et al. 1999; Miyamoto et al. 2007) . Synovial tissues are straightforward to harvest and may be collected from any joint without damaging the articular cartilage.
Normal synovial fluid is a dialysate of blood plasma with the addition of components synthesized by synovial tissue and catabolic products from the surrounding tissues, for example, proteoglycan and collagen breakdown products (Swann et al. 1978) . Synovial fluid nourishes articular cartilage, contains growth factors, and, 4 dependent on the status of the joint, pro-and anti-inflammatory cytokines (Fernandes et al. 2002; Neidel et al. 1996; Okazaki et al. 2001) . Relatively little is known about the role of synovial fluid in cartilage turnover, particularly during cartilage regeneration after injury. Autologous synovial fluid obtained from healthy equine joints has been demonstrated to support the chondrogenic differentiation of equine mesenchymal stem cells (Hegewald et al. 2004) . However, various studies suggest that joint homeostasis is disturbed in traumatized joints, which was found to adversely affect chondrogenesis (Rodrigo et al. 1995; Saris et al. 2003) .
In this study, we isolated a distinctive population of pluripotent cells from synovial fluid in patients with temporomandibular joint (TMJ) disorder. The significance of this study is that it provides evidence that a small amount of synovial fluid-derived pluripotent cells are similar to previously validated cell lineages, containing stem cells that may offer a unique stem-cell resource for potential clinical applications.
Materials and Methods

Synovial fluid collection from temporomandibular joint.
Synovial fluid samples were collected from patients with TMJ disorder who was ineffectual in conservative treatment, either during the arthrocentesis or arthroscopic 5 surgery of the TMJ under approved guidelines set by Kyoto University Graduate School and the Faculty of Medicine Ethics Committee (C-172). The joint space was expanded with 1.5-2.0 ml normal saline before the introduction of the arthroscope, and this fluid was then reaspirated.
Isolation and culture of human synovial fluid-derived cells.
Within 6 h after aspiration, synovial fluid was plated in 60-mm culture dishes in complete culture medium: Advanced DMEM (GIBCO ® Invitrogen, Carlsbad, CA, USA) containing 5% fetal bovine serum (FBS; CELLect TM GOLD, MP Biomedicals, Inc., Solon, OH, USA), 2 mM L-glutamine (GIBCO ® ), 100 U/ml penicillin, and 100 g/ml streptomycin (Pen Strep, GIBCO ® ), and then incubated at 37°C in 5% CO 2 .
After 3-4 days, the medium was removed to take away non-adherent cells and replaced with fresh medium. The cells were expanded in a monolayer for 3-5 passages.
Fluorescence-activated cell sorting.
Flow cytometry was performed with a FACScan (BD Biosciences, Bedford, MA, USA control antibodies for 1 h at 4°C. The fluorescence-activated cell-sorting analysis was conducted as described previously (Gronthos et al. 2002) .
Morphology and immunocytochemistry.
The cells were plated in chamber slides and cultured for 7 days. The cells were washed with phosphate-buffered saline (PBS), fixed in 3% paraformaldehyde (PFA) in PBS for 5 min at room temperature, and washed with PBS containing 0.1% triton X-100. 
Chondrocyte differentiation.
For chondrocyte differentiation, a micromass culture system was used as previously reported (Johnstone et al. 1998; Koyama et al. 2009 ). The cells were suspended in chondrogenic inductive medium that consisted of DMEM/F-12 (GIBCO   ®   ) containing 10% FBS, 1x ITS+ TM Premix (BD Biosciences; 6.25 g/ml bovine insulin, 6.25 g/ml transferrin, 6.25 ng/ml selenious acid, 1.25 mg/ml bovine serum albumin, and 5.35 g/ml linoleic acid), 50 g/ml L-ascorbic acid 2-phosphate, 100 g/ml sodium pyruvate (Wako Pure Chemical Industries, Ltd., Osaka, Japan), 100 nM dexamethasone, 100 U/ml penicillin, and 100 g/ml streptomycin at a concentration of 1 x 10 7 cells/ml, 8 and then 20 l of cells was placed in 12-well plates. The cells were allowed to adhere for 6 h at 37 °C in 5% CO 2 , and then 1 ml of chondrogenic inductive medium with 100 ng/ml rhBMP-2 or complete culture medium as a control group was added. The medium was renewed every 3 days for 14 days.
Osteoblast differentiation.
The cells were placed in 12-well plates, and incubated in complete culture medium at 37°C in 5% CO 2 . At confluence, the medium was then switched to osteogenic induction medium that consisted of MEM (GIBCO ® ) containing 15% FBS, 2 mM L-glutamine, 100 M L-ascorbic acid 2-phosphate (Wako), 10 mM sodium -glycerophosphate (Wako), 10 nM dexamethasone (Sigma-Aldrich, Milwaukee, WI, USA), 100 U/ml penicillin, and 100 g/ml streptomycin. The control group was also incubated in complete culture medium. The medium was renewed every 3 days for 28
days.
Adipocyte differentiation.
The cells were plated in 12-well plates and cultured in complete culture medium.
At confluence, the medium was then switched to adipogenic induction medium that consisted of MEM containing 20% FBS, 2 mM L-glutamine, 60 M indomethacin 9 (Sigma-Aldrich), 100 M L-ascorbic acid 2-phosphate, 0.5 mM isobutyl methylxanthin (Sigma-Aldrich), 0.5 M hydrocortisone (Sigma-Aldrich), 10 g/ml insulin (MP Biomedicals, Inc.), 100 U/ml penicillin, and 100 g/ml streptomycin to induce adipocytes to differentiate for 3 days. Then, the medium was switched to maintenance medium that consisted of MEM containing 20% FBS, 2 mM L-glutamine, 100 M L-ascorbic acid 2-phosphate, 10 g/ml insulin (MP Biomedicals, Inc.), 100 U/ml penicillin, and 100 g/ml streptomycin for 3 days. After being stimulated for 3 cycles, the cells were cultured in maintenance medium for 3 days.
Neuron differentiation.
The cells were plated in chamber slides and maintained in complete culture medium at 37°C in 5% CO 2 . After achieving confluence, the medium was switched to a neuronal induction medium that consisted of Neurobasal 
, 20 ng/ml rhEGF (Wako), 40 ng/ml bFGF (R&D Systems, Inc.), 100 U/ml penicillin, and 100 g/ml streptomycin to differentiate for 14 days. The medium was renewed every 3 days.
Alkaline phosphatase (ALP) activity.
For osteogenic differentiation on day 28, and for chondrogenic differentiation on 10 day 14, the growth medium was removed and then the cells were washed with PBS and lysed in homogenized buffer (pH 7.4) that consisted of 150 mM NaCl, 3 mM NaHCO 3 , 0.1% Triton X-100, and distilled water. ALP activity of the supernatant obtained was determined employing the p-Nitrophenylphosphate method using Lab Assay TM ALP (Wako). The protein concentration was determined using a Micro BCA TM Protein
Assay Reagent Kit (Pierce, Thermo Fisher Scientific, Rockford, IL, USA).
Oil red O staining.
The adipogenic cultures were fixed in 4% PFA for 10 min, rinsed twice with PBS, stained with a fresh 0.3% oil red O solution for 10 min, and washed with distilled water.
To determine the specificity of the responding cells for adipogenesis, we examined the oil red O staining of lipid droplets.
Toluidine blue staining.
The micromass cultures were fixed in 4% PFA for 10 min, and then embedded in paraffin, cut into 5-m sections, and stained with toluidine blue.
Von Kossa staining.
At 28 days following osteogenic induction, the culture plates were rinsed with PBS and fixed in 4% PFA for 10 min, and then rinsed with distilled water. Five 11 percent silver nitrate solution was added, and the plate was exposed to UV light for 3 min, after which it was washed well with distilled water. Five percent sodium thiosulfate was added for 5 min, and the plates were then rinsed in running tap water for 5 min.
Real-time reverse transcription (RT)-PCR.
Total RNA was isolated from cultures using the RNeasy ® Mini Kit (Qiagen, Valencia, CA, USA). To ensure the complete removal of DNA, we included a 15-min DNase I (Qiagen) treatment prior to the washing step of the isolation. First-strand cDNA synthesis was performed using TaqMan ® Reverse Transcription Reagents (Applied BioSystems, Foster City, CA, USA) with random hexamers, according to the manufacturer's protocol. Reverse transcription (RT) involved a 30-min incubation at 48°C, followed by a 5-min incubation at 95°C to inactivate the reverse transcriptase.
Real-time RT-PCR was performed in a StepOne TM real-time PCR System (Applied BioSystems 
RT-PCR.
First-strand cDNA (2 l) was diluted in a 20-l reaction mixture containing GeneAmp ® Fast PCR Master Mix (2x) (Applied BioSystems) and 500 nM of each human-specific primer set: peroxisome proliferator-activated receptor-2 (PPAR2) sense (5'-GCTCTGCAGGAGATCACAGA-3') and antisense (5'-GGGCTCCATAAAGTCACCAA-3') (GenBank accession no. NM005037);
lipoprotein lipase (LPL) sense (5'-GTCCGTGGCTACCTGTCATT-3') and antisense (5'-TGTCCCACCAGTTTGGTGTA-3') (GenBank accession no. NM000237); and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) sense (5'-AGCCGCATCTTCTTTTGCGTC-3') and antisense (5'-TCATATTTGGCAGGTTTTTCT-3') (GenBank accession no. NM002046). The reactions were incubated in a GeneAmp ® PCR system 9700 (Applied BioSystems) at 94 °C for 2 min for one cycle and then 94 °C for 45 sec, 64 °C for 45 sec, 72 °C for 60 13 sec, for 35 cycles, with a final 7-min extension at 72 °C. After amplification, 10 l of each reaction was analyzed by 2% agarose gel electrophoresis, and visualized by ethidium bromide staining (Gronthos et al. 2002; Miura et al. 2003 ).
Statistical analysis.
All experiments were repeated a minimum of three times. Data are presented as means ± standard deviations. Significant differences were evaluated using Student's t-tests where appropriate. P-values of less than 0.05 were considered significant.
Results
Synovial fluid-derived cells. Synovial fluid samples were plated and cultured for 14-21 days with the complete culture medium. The synovial fluid-derived adherent cells were mostly cells that had retained their fibroblastic spindle shape ( Figure 1A ).
Fluorescence-activated cell sorting analysis. CD34 and CD45 were primarily expressed on the cells of hematopoietic origin. We found that synovial fluid-derived cells did not express CD34 and CD45. Ex vivo-expanded synovial fluid-derived cells were found to express STRO-1 and CD146, two early mesenchymal stem cell markers previously found to be present in bone marrow mesenchymal stem cells (data not shown).
14 Morphology and immunocytochemistry. We found that synovial fluid-derived cells did not express CD34 and CD45 (Figure 1 B and C) , and ex vivo-expanded synovial fluid-derived cells were found to express STRO-1 by immunocytochemistry ( Figure   1D ).
Chondrogenic differentiation. ALP activity on day 14 after treatment was higher than in the control group (Figure 2A ). In micromass cultures treated with BMP-2, many cartilage nodules appeared and were positively stained with toluidine blue, and some of the cells in the nodules differentiated into hypertrophic chondrocytes ( Figure   2B ). The efficiency of chondrogenesis was also greater than in the control group. Osteoblast differentiation. To evaluate the osteogenic potential of the synovial fluid-derived cells, the cells were cultured in osteogenic induction medium. After 28 days, we found that the calcium deposits were stained with von Kossa in cultured cells ( Figure 3A ). In addition, the ALP activity on day 28 after treatment with the osteogenic induction medium was markedly increased compared to the control group 15 ( Figure 3B ). The osteogenic induction medium showed more marked induction than the complete culture medium, and it increased the expression of osteocalcin (bone Gla protein: BGLAP) as determined by real-time RT-PCR ( Figure 3C ).
Adipogenic differentiation.
After 21 days of culture with an adipogenic inductive medium, the cells developed into oil red O-positive lipid-laden fat cells ( Figure 4A ).
This development was correlated with an upregulation in the expression of 2 adipocyte-specific transcripts, PPAR2 and LPL, as detected by RT-PCR ( Figure 4B ).
Neurogenic differentiation. Following 14 days of induction, the cells exposed to
neuronal induction medium acquired a bipolar and stellate morphology consistent with that of sensory and motor neurons (Figure 4 C and D) . The protein expression pattern of early (Nestin) and late (NeuN) neuron-associated markers expressed in neuron-inducing conditions was determined by immunocytochemical analysis (Lendahl et al. 1990; Mullen et al. 1992; Sarnat et al. 1998 ). The cells showed positive staining for these neuronal markers (Figure 4 E and F).
Discussion
In this study, we examined the potential of human synovial fluid-derived pluripotent cells from patients with TMJ disorder to undergo chondrogenic, osteogenic, 16 adipogenic, and neurogenic differentiation in vitro. We investigated phenotypes according to the morphology, protein assays, and the expression of specific markers employing RT-PCR and real-time RT-PCR.
Intra-articular bleeding can trigger an increase in synovial fluid mesenchymal cells.
When disc injury causes rupture and bleeding, the synovial fluid contains blood for several days. Vessel injury and bleeding promote the expression of cytokines, chemokines, and, consequently, recruit MSCs. Generally, synovial fluids within a few days after intra-articular ligament injury are bloody, and then become transparent thereafter. In a previous study, they aspirated synovial fluids in the knee joints on average 37 weeks after ligament injuries, and most synovial fluid appeared transparent, indicating that intra-articlar bleeding can trigger an increase of synovial fluid MSCs in the early phase . (OA) (Mochizuki et al. 2006) . These findings suggest that adherent colony-forming cells derived from the synovium have a similar proliferation capacity and multipotentiality, independent of the location in the knee. In another study, they also demonstrated that the capacity for proliferation and potential for chondrogenesis of synovial MSCs were similar among the different harvest sites in the OA synovium (Nagase et al. 2008) . These pluripotent cells can be isolated and expanded ex vivo, thereby providing a unique and accessible population of pluripotent cells from an unexpected tissue resource. Numbers of synovial fluid mesenchymal cells increased and were possibly derived from dislodged synovial fragments. This is particularly noteworthy since synovial cells have been proposed to contribute to spontaneous cartilage repair (Hunziker et al. 1996) . It is now well-accepted that tissue destruction 18 in OA is closely associated with attempted repair processes (Luyten et al. 2006) , which may be mediated, at least in part, by the synovial fluid microenvironment (Jones et al. 2008 ).
TMJ disorders are common in adults; as many as one third of adults report having one or more symptoms, which include jaw or neck pain, headache, and clicking or grating within the joint (Buescher 2007) . Mesenchymal stem cells were found in knee synovial fluid with OA patients (Jones et al. 2008 ). In our study, mesenchymal cells were derived from synovial fluid in patients with TMJ disorder.
The chondrogenic differentiation of mesenchymal progenitors can be induced by the stimulation of cells with BMP Schmitt et al. 2003; Barry et al. 2001 ). In addition, synovial fluid itself and its major component hyaluronan have been
shown to induce chondrogenesis in equine bone marrow-derived mesenchymal stem cells (Hegewald et al. 2004 ).
Mesenchymal cells we isolated from the synovial fluid of a person with TMJ disorder showed proliferation and ALP activity rates similar to those of human bone marrow-derived MSCs under the same conditions.
There was no difference in the differentiative potential when synovial fluid-derived cells 19 were compared with bone marrow-derived MSCs.
The ease of availability of mesenchymal pluripotent cells in human synovial fluid allows the realization of important therapeutic options in regenerative medicine. TMJ cavity irrigation and pumping are usually conducted under local anesthesia. The TMJ cavity is very small. Therefore, collection is limited to a very small amount of synovial fluid. However, our isolated mesenchymal pluripotent cells derived from synovial fluid were able to enhance in vitro expansion and could be collected easily compared to bone marrow-derived MSCs. These cells can be subsequently used for the regeneration of skeletal tissues.
The results suggest the possibility that synovial fluid-derived cells can be applied to treat serious TMJ disorders with OA and internal derangement. Moreover, these cells can be differentiated into not only osteoblasts and chondrocytes, but also neurons and adipocytes.
The collection of synovial cells is a by-product of the operation under general anesthesia. In other words, the operation is necessary in order to harvest the synovium.
However, the synovial fluid can be harvested by syringe aspiration during the operation.
The synovial fluid-derived cells are not only derived from a very accessible resource, 20 but are also capable of potentially providing sufficient cells for clinical application.
This suggests the utility as a potential cell source for tissue engineering applications.
Conclusion
We demonstrated that synovial fluid included mesenchymal pluripotent cells from patients with TMJ disorder. We confirmed that the human synovial fluid is a good source of progenitor cells with the capacity to differentiate towards several cell lineages.
These findings provide a platform for the exploration of the potential role of synovial fluid-derived mesenchymal pluripotent cells in TMJ homeostasis, and for the investigation of their therapeutic potential in novel regeneration strategies. 
